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Tt(CHNICAI_MEMORANI)UM

MINIMUM WEIGHT DESIGN OF A LEAF SPRING TAPERED IN THICKNESS AND

WIDTH FOR THE HUBBLE SPACE TELESCOPE-SPACE SUPPORT EQUIPMENT

INTRODUCTION

l)uring the life of the Hubble Space Telescope (HST), on-board optical guidance systems

and scientific instruments will experience degradation. Maintenance or replacement of these systems

will be necessary in order to maintain a fully operational observatory. Due to the cost and risk of

retrievine the HiT for ground refurbishment and consequent space redeployment, a series of main-

tenance missions have been identified in order to carry fine guidance sensors (FGS's) and scientific

instruments (Si's) aboard the space shuttle for on-orbit replacement of degraded units. The weight

of these units ranges from approximately 500 to 1,000 lb.

l)uring the initial launch of the HST, these instruments form part of a 25,000-1b space

observatory. This large mass provides the Sl's and FGS's with a safe environment from the fre-

quency spectrum of the space shuttle cargo bay,'. When launched separately as part of a mainte-

nance mission, the protection from the dynamic environment must come from a suspension system

that will preclude damage to these delicate optical and scientific instruments.

As part of the design of the suspension system, leaf springs (similar to those found in

automobiles) have been designed to provide the necessary flexibility to alleviate potentially damag-

ing dynamic loading. This report describes the design of a concept of a variable width and depth

cantilever spring for the HST maintenance and refurbishment mission.

LINEAR ELASTIC SOLUTION

The basic idea behind the suspension system is to provide a certain stiffness (or llexibility)

so that there is no danger of resonance between the natural frequency of the system {including the

payload) and certain mechanical and acoustical frequencies encountered during the ascent or descent

phase of the mission. There are also certain points in the ascent/descent frequency spectrum that

could induce high transient loads into the hardware and, thus, the natural frequency of the suspen-

sion system should be different than these.

The first step in the design of the spring is to determine its stiffness or spring rate. Because

the design of the suspension system will limit the movement of the spring/mass system to one

direction, its natural frequency can be obtained from the equation of motion of a single degree-of-

freedom system

m.?+k.v = 0 (I)



Solution of equation (1) leads to definition of the natural frequency of the system [I],

J;' 2v (2)

and solving for the stiffness k one obtains

k = 4m(/_) 2 (3)

With the stiffness k and the mass m to be isolated, one has the inlormation necessary to begin the

design of the leaf spring. In order to produce an efficient spring that is compatible with the avail-

able installation space, a cantilever with variable width and depth has been selected. This is a

hybrid between type F-3 (triangular cantilever) and type T-I (tapered cantilever) which can be

found in chapter 10 of reference 2. Figures I and 2 show the suspension system assembly and the

geometry of the spring, respectively. At this point, it should be explained that the beam in figure 2

has the load applied at the two tapered ends through pins. The center (constant cross section) of

the beam is clamped and bolted to essentially provide two cantilever springs instead of a longer

simply supported spring.

By defining the widths and thicknesses at the fixed and free ends of the spring as w,,, w,.

and t,,, t,., respectively, one can express a linear taper lor both the width and depth as

w(x) = w,,(-_-) +w,, (I--_]) , (4)

where w(x) and t(x) are the width and thickness at any position x along the length L of each canti-

lever (the origin x,, is located at the fixed (clamped) end). The moment of inertia at any point
along the length is

w(.v)t(x) _
/(x) - (6)

12

Substituting equations (4) and (5) into equation (6) one obtains

l(x) =
(wlx + w2)(tlx + t2) 3

12
(7)

where



_z

zj



w2 = w,, , (9)

tl - L ' (10)

t__ = t,, (11)

The relationship between the elastic axis of the spring and the bending moment for elastic

delbrmations is given by the Euler-Bernoulli equation,

_ M(.v)

P El(.v)
(12)

Equation (12), although derived for prismatic bars, can be utilized in the analysis of tapered beams

with sufficient accuracy as long as the variation of tile taper is not extreme [3]. The equation for
the curvature of the elastic beam is

-) -)

I d-v/dr-

P [ I + (dy/dv)2] _r: (13)

When dealing with small deflections, which correspond to the linear range of equation (13), the ef-

fect of the dv/dx term becomes negligible and one can write

-_ 1- _

[ I + (dy/dx)-I -_- _ 1 ( i 4)

Combining equations (12), (13), and (14), one obtains the linear elastic range of the Euler-
Bernoulli equation,

d2v M(x)

dr 2 El(x)
(15)

Referring to figure 4 and recalling that the inoment of inertia is a function of .t. one can

cxptc_,s cquatitm (15) ;.ts

Ed2Y _ 12 P(L-x)

dr2 (wi.v 4- Ic2)(tl.t + t:) 3
(16)

where

M(x) = P(L-x) , (17)



and l(.vl is defined as in equation (71. The right hand side of equation (16) can be expressed as a

sunl of partial fractions as follows,

12 P(L - x) _ A __ B + C + D

I_,_ • w,)it_._ . t,l" w_x+w2 t_._+t_ (/ix+t2) 2 (tb_+t2) 3

I_)

The folloxvin,, are defined.

_1 _ 1I

h = 3tl-t,

c = _t_-tl

d=l_-

(_ _ Ii-w I

.( = wj_- + 2ttt__w_

.i _-" /I IVI

19a/

19b)

19c)

19d)

19e)

191)

19,,)

I9h)

(19i)

(19k/

By solving the partial fractions problem of equation (18). and by using equations (19/. one can

obtain the expressions for the constants A. B. C, and D. In matrix form. these equations are,

,4

B

C

D
a e 0 0 ] i

h .t J 0

c ,'4 k w l

d h _ w2

0

-I 2P

12PL

(20)



Substitutingthe valuesof A, B, C, and D obtained in equations (20) into equation (18), one can
now express equation (16) as follows,

E d2v _ A + B + C +_ D

dv 2 wbt+w2 ttx+t_ (ibm.+ t2)-" (tbr + t2)._
(21)

Performing consecutive integrations on equation (21) will lead to the equation for the deflection of

the beam. The first integration leads to the equation of the slope of the beam.

f ,1,,_} _.,-= F+ -L dx w l In(wj.v + w2) +B ln(ttx + t2)

(22)

C D

h(t_x + t2) 2tl(tj.r + t2)2

qb is a constant of integration, which evaluated at x= 0 with dvldx = 0 yields

qb- C D A_- _ Inw_- B Int_
tlt2 2tit 2- wj - t--i - (23)

Performing a second integration on equation (22) leads to the expression for the deflection at any
point on the beam,

{ dv_

L = ] ,],t.,-: _,, "'-;L -,_ -{Jn(,,.,.,-+,._)}-,-+_/7, _,

] °[ * ]C I {ln(tjx+t_)} +_-_l tl(tlx+t2)?t -

v,hcrc q_ is :t second conslanl of integration _hich can bc evaluated at .v=() where v=().

(24)

_f- t_- tl- 2tt2t_
(25)

Equation (24) is the linear elastic solution for the deflection oi" a variable thickness and width
cantilever beam.

The maximum benttirlg stress for the beam of constant cross section will occur at the Ioca-

Ii(lll \vhcl+C the bending moment i.,, maximum. This is not the case for a beam havin,z a variable

thickness,. Since lhc moment of inertia of the beam is :.t function of the cube of the thickness, the



section modulus changes much faster than the bending moment as a function oI beam length. This

causes the maximum bending stress to occur at a location other than the point of maxinmm bcnd-

i11_ illt'lnlent. A norlllali/ed plot conlparin._ the bending moment, bending stress, and nlOlllenl of

inorlia for a typical cantilexered beam of tapered width and thicknes._ can be found in fi_uie 3. The

expression for benctin 7 stress I\_1 the bean1 under study is

(r h =
6 P(L-x)

(wi.v + u'2)(/iX + t2) 2
(26)

Since the maximum bending stress is now a function of Ihe varying cross section as well as

the location along the length of the beam, one can find the maximum by setting the derivative of

equation (26) equal to zero,

d(rl, - 0 (27)
dv

The resulting expression is a cubic equation in x which can be solved to obtain the location of

maximum stress

't:3+O£1X2+Cl->.t'+O(3 = 0 (28)

where

1 (w_--2_)4 t2 3L (29a)o_l = T wi tl 2 '

(29b)

[
t2-L w.t.-u'2t2L F-2--7-4 - -

cx._ = -- w_t_ 2t_- 2w_tt-
(29c)

All three roots of equation (28) will be real. with only one root being physically meaningful.

Substitution of the location of maximum stress .v,,,,_ (feasible root of equation (28)) into equation

(26) yields the maximum stress in the beam. At this point, one has the necessary information to

design a beam w,ith a desired stiffness and subject to a maximum allowable bending stress.

WEIGHT OPTIMIZATION

In the aerospace industry,, minimum weight of llight structures is of primary importance to

the structural design engineer. The use of the space shuttle as a space transportation vehicle results

in an approximate cost of $1,100.00 per pound to deliver a payload to Earth orbit. It is, therefore.

obvious that lighter payloads re.,,uh in lower costs and are in the best interest of the governnmnt.

The challenge is to be able to minimize the weight of a design by varying a select group of

parameters and not violate constraints that are essential to the structural integrity,' of the hardware.
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l)urimz recent \'ears. advancements in the field of mathenmtical pt-ogtamnling coupled with

the everchanein'.z state-of-the-art in personal computer hardware have provided a ereat opportunity

for improvement in optimization software and code availability. Commercial and academic optimi-

zation packages are currently available that will work on ahnost every personal computer hardware

platfortn. Examples of these are i-DESIGN (University of lo\va. Dr. Jasbir Arora/ and DOT

(Vanderplaats. Miura & Associates). Other packages that have been generated under government
contracts are ADS. CONMIN. ACCESS. and NEWSUMT. Additional infonnatiorl on optimization

software availability can be found in references 4. 5. and 6.

The general problem statement for the minimization of a function of several variables

sub eel to conditions of constraint is.

Minimize:
F(X)

Subject to:
,,,,IXI _ 0 j = I.m

In,IX} = 0 k=l./

(30)

(31i

(321

\_here X is the vector containing the design variables. F is the objective function (function to be

minimized). ,Vi ate the inequality constraints, and h_ are the equality constraints. In order to limit

the reeion of search for the optimum, side constraints are imposed on the problem. This is accom-

plishe_] by simply imposing upper and lower bounds on the search values of the design variables.

.\'/ _ ,\', _ X," i= l.n t33"_

For the problem of weight minimization the objective function is the volume of the beam. This
volume can be obtained by integrating a differenthd element of area over the entire length of the

beam.

1.

Vol = I w(x).r(x)d.v
[)

(34t

where

w(.v) = wnx+w, (351

t(.v) = tvv + t2 136)

and w_. w+. tt, and t+ are defined in equations {8) through (11). After performing the necessary

integration, the objective function can be expressed as

W(X) = AL.vt I l.v(21 + B_l.v( l Ix(4) +x(2)x(3)] + Cvv(2).v(4) (37)



v.herc

A i = pLL'3

_.._I;_ = pL-,_

('l = pL

(38)

(39)

(40)

,ind p i_, the density of the nlaterial. In order to express the design variables in a logical and con-
.,_,,tcnt manner For computer in_plmnentation, they have been identified as lolh,ws.

.v(I) = i,, I (41a)

.v(2) = i,'. (41b)

.v(31 = t_ (41c)

.v(4) = t_
- (41d)

For the purpose oI this report, it is desired to desien a beam of nlJninlunl wei,,zht that does

not cxcccd the allo\valHe \ield stress of the material. This means the.It the working stress, equation
<2(-,i. ma\ not exceed the \icld stress oi the nlatcrJal. One c+.ul iclentil+\ , this restriction +.isan

_nccu,ilit\ ctm:,tr:lint and. in rlornlali/ccJ lashiori, it can be expressed +ts Icdlov, s.

(r/_, I _ 0
_J, (42)

t';incc one is hw,king For a specific stiffness of the beam. the nlaxirnum deflection must be set

,.'qual to a prescribed value. This value delernlines the desired natural lrequencv of the beam lor a

prescribed load. Lisin,- equation (24). one can identify this restricticm as tin equality constraint and.
mWlllali/cd, it _ill he expressed +.islkfllc, v_s.

6
-----I = ()

_all (43)

In equation (24). v indicates the deflection of the cantilevered beam at any' location .t+ along

its length. In equation (43). 8 is the maximum deflection of the beam which occurs at the tip of

the cantilever. 6,H is the deflection associated with the desired natural frequency of the system tobe dvnamicalh, isohlted.

Minimization of equation (37t. subject to constraint equations (42) and (43), identifies the

optimization problem. This problem can be stated as follows: "'Find the minimum weight W of a

variable cross section beam under a specific loading condition that will not exceed the allowable
material yield stress (r, and will have a nlaximum deflection of 8,it.'"

10



The optimization softwareusedin the solutionof this problem is Design()ptimizationTools
(DOT's). Version 2.00 of this commercially available software allows solution of the problem

using two known methods, "'modified meth+od of feasible directions" (MMFD) or "'sequential linear

programming" (SLP). The MMFD is a modification of the method of feasible directions (MFDt in

which equality constraints can be handled by including them as part of a pseudo-obiective function.

The MFD algorithm is not capable of effectively dealing with equality constraints. Description of

the MFD and SLP algorithms can be lound in references 5 and 7. Description of the MMFD can

he found in reference 7.

COMPUTER IMPLEMENTATION

The cantile'++er beat +rt of variable v+idth and depth '+vith dellecthm arld stress constraints can

.taxe man\ feasible SCHLLtiOns. Physically. this means that nlitnv coinbinations of u,,. +_<, l<,. and l,

x\ill lead it+ improved designs. Ntunericallv. this metros that the initial design variables must bc

u,trclttll'+ selected. The fact that the problem has many relative minima indicates that small \uri-

,ithms ill the initial choices of design variables can lead to significant improvement in the design or

ll,tqICOn VCI+gC lice.

In an eftc,t+t to provide reasonable first choices of initial variables, a computer program has

been eenel'ated that '+,+'illpro,vide feasible design solutions. These solutions. ;+tlthottgh not necessarily

the le'_tst weieht designs, provide design '+'ariables that '+,,.'ill;+lttempt to rneet the stress and deflection

cortstraints. Fhe program SPTRIAL thus provides initial sohtticms to the optimizaticm prc_blern.

Once the initial values of the desi-n+.., variables have been chosen, they are input into the

computer program SPOPT (SPring OPTitnization)to obtain a design of lnirfitnttm v, eight. St:R)PT

is a callim,+._ proeraln_ that accesses the I)OT optirnizinL,, softv<ue. Tables I and _" are listin<,s_, of the

Pc,rtran prograills SF'OPT and SP'I'RIAL. rcspectixel}.

NUMERICAL EXAMPLES

The initial ctesign of the springs for the HST,.'space support equipment <HST,'SSE) was

perforrned without the benefit of optimization software. This means that numerous hand calcu-

lations were pelforrned and small, tailored computer programs ,,,,.'ere developed to aid in the tnanv

itcrative calculations involved. The goal here was to obtain a design that would meet the stress and

deflection constr;.tints irnposed. Weight minimization, although a big driver, was aimed at changing

materialisprirlg configuraticm combinations and not ;+itrefining the final geornetry. Vast

impro'+'ements in '+,+,eight were accotnplished by changing from coiled to multileaf to single leaf

springs during the prelirninary design phase. Once a configuration was selected, the refinement was

limited to adjusting tolerances to meet the desired dellection while maintaining the stresses under

the allowables.

In this section, the author will start fronl the final spring geometry that resulted fronl the

prelhnirmr\' design phase and attempt to optimize the '+'+'eight by using the SPTRIAL/SPOPT

11



Table 1. Fortran program SPOPT.
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.[TR/J'2:5'F"(U'-UI.,_,')¢;"U, _.?i''gt',_7'X;,K4/""211
CALl DFFt[C{rJ7 X2, _'.)', K4 _/_', [/[tCt_, 57PZ, XZ. X/_I iP, XDl

O[,rt_gitEtii,Otft21,'_
friZZ ig,.g:) UZiI'RI-[qfL
f_ i P'rII i,_ Q, ,?
j'_.}O[ ill t :_.IZP_/tz

r_ f c 9 '_STR[_5-15TRy.t oIR[Si7/,-
ST_LJI_DIJ73L¢
/f /X/./U.,f,O,'Iff[k'

6t'lt:iO[fL-gO/fAlL_1OOi,,','_77tii[zte.,b{;'ll
G/_l_lilt/lAgl ',@_i//[itJt _'_;IfA/L"..a_,
/ND/t
If /SlR[5__,. ,,"k'i_ _7/tJ

"°' :I;iRtlAX7iD'A_<L.+'.'..;',,;A/LUlll
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lal_le 1. Folllan progr_xm SPOPT Icon_inued_

END/:

_NTINU_
00T075
E/lOif
ENDIF
F(XI.EQ.XOIIHEi

DEFtL4X=MF!
O/I):(D[fL-[OEFAIL_I.DO/)/i(DEFAIL,I.DOI)
Gf31=ILO[FALL',999)._flII(OffAI/",9cJgl
Jill)IF
IfiSTRES,,qr[TSTRCI¢)TIIE//
IF(//C/¢.EQ,//GOTO62
5TItHAX=STRESS
Gf?)=(_Tk_ZIU:-SI_4llIISIGAII
A/C/C=/
ENOIF

67XI=XI-XD/NX
5[AS_(_ST/VESS

50CO#T/I/U[

smsPE#fO/tflASORTTOFINDH/fxlr_IFST#ES5[._STRLC[LK
INCREASINGATTHEfIXEDEN[;OFTileLEAFS/_'/NG****

IFtNL)_f.EO.0/THEN
IAST-///(-/
DO:0#I.IAS:
S#///.S:_/I/
JflN.I
,/FIRST--I,/
DO40J=JFIRST,/IX
IF/._'IIN.i[ST_:3))O0:040
.CIII//--STRHFjI
JHIN_d

40CONTINUE
SI_(JtlINI--S:_/II
ST_I[I/=SHIN

30COWTINUE

G/?I=(STR_-SI_/L/ISIGALi
ENOIF

DO45I=I.NX
5:_fl:=0.0

45CONT#/UE
75XI_XD

_ITE[_,*liT,DEE/_,STA_X
00:0/DO

lOSTOP
:/VL:

.... :" ..... -_ I_
'"-","'_QJ_LtTY
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Table 2. Foruan pro_ranl SPTRIAL.

I_ICITDO_E PRECISI_fA-H,_IJ

DZt_SI_ XI#),XA[¢,5)
D[If4610W,@t't¢5)

l_tl(UltlT=8.fll& 'C:lfc_Tbl_'l._ZT_4Ll,l_P!
I_T=O
K_MT:O

NX--15
_ITE(6,*l'ENTERAllOi_lf5TRE55'

_I_15,*)5I_t
_ITE(6,*)'ENTERflW#LU5G ELASTICITY' C
RE_{5,*/Xt_

IRITE[G,'1'ENTER)I_LI(D 101_' C

• ITE{6,*)'EttTER8EArlLENgItt'
REI_[5,*)Xl
_ITE(6,*)'ENTER#ENSITY'
RE_(_, *)RHO
_ITE!G*)'ENTEROESIREOf_lt_ OEEIECTI_'

ffT=(P SZ_ L*Xl_),I/ / f3*Xt_'E_ f/
_ITE(6,*)'ENTERINITIAL_/ESSfogTHICKNESS_TIO'

REI_6,*)XRAT
T__[T/_ T

TE:T6_

_ITEfG,*)'ENTERLENGTHTO_[NTHRATIO'

_ XlI_

_SE--_
lit;tIT=TO C
le l T[ 18,700)_45E,I_HT

200fOt_lillX, 'file MTIAI G_55fog Tt_C_055SECTIONALAREA',/'AT
tTtt[ _5( ff,'tlO(/STP_T) Of lilt TI,_ER[/I8[_ 15''.t' gIOTH: '.ft_
23, ' & THIO_NESS: ',ft_ J/
XE_T--_SEiLt_HTiijIIIZ
T_F_P"(XL*"3WI__ _UNRD

_ITHN,IOOIT_E C
I00FOO'IATt/'TI/£Off/EUICItFORAC_5IAN!I-SECHON8EArl',/' _ITH/iT

IE_ OIMEN5ION515' f_.J_

_gITHN,10HHTR
101fO_fU' TILEl_J(.51Rt35fORA CO_STMffX-StL'TI_g/l_',I'iqTHT

ItESEOII#[NSIONSH ',rio 3/
igI TEIN.<_B

207fOl_Tff' THEfOttOgINGRE2/LT.Cdill I_ICATETHE_'_INATI_S Of
li_, _0, TE,_ TO',/' THATt)gt)_t HIEOL_TRtk'OEflECTIOgt/lfHllt
?+1-51 ATTt_ENDOf'./' [KIt _UN,_551_E5fAff_Nf5 fll_ITN>P(
JAGREO31_INGfl_ifI_fI_5',t' TOA PRE_IOU5RI_ INOI_(RTOIN
_CREASE_IZY. TIlESLOPEVALUESCE GIE#'.f' INPalOIId5ANDIN
_ICAff THE5/_E Of TIEBE_ATTHETIP_ERETttE',/'DEFLECTI_I
85 OgEATEST.'t'l C
TEIN=TE

_fl- l,¢

rE=rEIN
0049I-I,80

NC_:0
5T_ :0.0
XI-U
//050d : i,iv_,l

X/?t=_0
X_71--fTE-T07IX/

3'I#[S<_6_t;_;:f_(/,,.-'i(.f,,!!_l,((zyT*flXLf/,X/+X/,Ul**2L!

CAll///fi.t.4/#" ,";/,'zDZ3Y.fl .(flNU,?.,rL;

/f ,(d t_ X/l,:ilLi'
ff /T/)tf .G/ /)fit l lh'/N

Xi$/: tilT+ O,V/8i/_/._TAf51:6*P'/Xl

%Istt<:ill,"X7+¢/?iI'_ t;tll) 9I+ki¢?"2t7
['At/OEFI_,NPDEftI,.QPI,Xl,Xt_),PXLI
(i _/: f fff L_,l-fOl,:12"/T_[SD-b'_/_/X[-
Xl/tffXil/_XI+_??I/*fL_UI*U+XN)I"?t/
{_tt OEffX,¢_./s[f/£ 5lP?.;_/.f/'lO[_i;,d /
/SEll--if/Eftl+OEft]//?
5IO/'[:ISLPI,5/£_I/?
C Tile rE'_ / CIlll c) # ; 'DE Col ,9
Jl_l Jd- 131_l[J# J rilE J/ tl

tt (XI.[_ i7t lf_tN
OEF/'INf:OEFZ
SI_- ._L_E
RAIF--P,'_FD_
EH/)IF

/f i_TRESS.l T.qb'Ci¢lTHiN

NC_t:1
Xfti_XT+_!l't/f
iNO/f

_'i %I:U-XL,'Nf
r_ c P

If fX'.[0.NJ;I /TIltN
If Itt0¢.tiE.I / filtN
5IRPI4X--,CTR/5S
,(HI:X/

/flU.IT0.ODFH/_O0

[MOil
ENOIF

60{'CIITINDt
DOfOlO
El_If
[WOlf

if tXi. {Qxi h_'//l
SLOIIif:SL_[
OEft_ =Otft
kAff -PtOtl _x
ENDiF
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Table 2. Fortran progran3 SPTRIAL (continued)

r /P Pc" t_ 'IT,.:lf[5_. [ : .,f£O_/ filf._
IHMO¢./0.1/00fO67
.TTfIfO{:SI_tK
Xtfl-U ,XI/HX
NO¢-!
///t71:

62XI_U-X!/#X
ST_i¢--ST#ESS

IHJ.[O.#X+HTHili

IH#I_"kl[I)THH

IHXL I T.O.O),fl-O.O
[_If
#401:

';0L'O#U[_II[
,'.?:DC T[.-,_;'wH_',,"-<_));"t_'i: r:/, _,¢;,,>,_[.,,:,_,t:._ll.,i;i_<,U*_[,l_'_I

.:;'rT:M._/OU_-/DU/
//i/sifT l[.. IUtt#I

,_" /0_[/'lltlliOllllililiiOill$lllliilllll#lliiOlllilllllillllilitOtl

] iilillitttltOOOlOlit ')

/_17/ :;¢.705:
<U7F[tg_Af:,,"/)/fi[U/O#/ i{ _ H lO

I Sk_[L: S10¢[ ')
_[ [[ /_.lT)OEf_X,iif, _ i[. /0._7_. DiD?B:
li_/T/fa',i_/i{/_':

,_ :O_A:,<I':/7[Ji[l_i:OFT/I/U{_ ks','//1/I/:iO;?/[#:,,'_ii':;[.,"'i7:U'

_oi_lHolol_m''/

::/;TR/f4X.0717[GA// )[�tIN

OOiO_:
://Olr
#:Z/If

7/:_f,l:(:,:{/:; '.;.IXit:
T_:TE-fEIN/_

40 L'_#I////:

1///t_#L _. 0/T/I#/

Y7 .C/_!/i '"'" :_[///:,V/'_/'_.'_7 k7 ',/_i/ II_'/hT'k/_/"'"*' "'*
/'"" A'_[_[_/_._1/10]H[[�Ill[A/ [////_/I/S /,'_/1/ '"'"'/
O0 :O:_
Ell:siT
1/:[#I/1{0.I77it///
JiG/T[/8.;01)

701P_Ol#:/l'""" ._f[ ORALl SIR[ZLI"HC/T/: :tt[ A/ILIJS/E"'""
/t"'"' DTrl_I//U THEl#//H_dNtZ_#/P_S#JT/O"'""/

_00_fOf
/N/)

....., ._= IS
' ...... •.... f'_,7 t ,', I : -_'_ m
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nCt_lucncc approach. Thc importance of having adequate initial values of the design variables will

also be denw, nstrated. This vcill be done by comparing the stress, deflectic, n. and \,,'eight of initial

gconlctries with the optimized configurations. It will be shown how small deviations from a

fc,isiblc initial design can result in nonccmvergence of the optirnization problem.

The problem to be solved in tin follo,.vs:

• Design the minimum v<ight leaf springs of a suspension system that will provide protec-
tion to the mass of " " _._:,._(t0 Ib lit a frequency of v -_ Hz with a factor of safety of 1.4. The

maxinmm G-load t load ma<,nification)that will occur dulin<, the ascent and!or descerlt

mission is _.63.

The first step is to determine the required spring rate for each spring (cantilever bearnt. From

equation (31. one finds

k, je4_-m (2."'"4 _- 3.200= = ,_ "rr_ - 1.5S2.41 lbin (44)

Since the isolation system has been designed such that the springs under design are all in parallel,

one can obtain the spring rate for each beana by dividing the total spring rate by the total number

of beams (in this case 4). Thus, the spring rate for each beam is

k, = _kr _ 1.582.41 _ 395.6 lb/in (45)
N,#, 4

The next step is to determine the maximum load per beain. This will be done by including the

G-load and factor of safety in the calculations,

p, = W vwG(FOS) = (3.200)(2.631(I.4) = 2,946 lb (46)
N w 4

_vhorc

li'_,_l = the total wei,,ht to be isolated

(; = the G-load

FOS = the factor of s;.lfct\

'\'v. = the nulnber of springs.

Finally. the nlaxinlum dellection of the beam tinder the design load can be calculated from the

delinitioia of sprin-_, rate of a bears

16



&,,,,,x- P' - 2,946 _ 7.45 in (471
k, 395.6

The beam dinlensions obtained during the prelinfinarv design phase are found in figure 4.

Fi_uics 5 and 6 show deflection and stress plots of this design. Inspection of the dilla shows that

the inaximunl deflection of this beam with the applied load is 6.75 in and the inaxinmm bending

,,tress is 102.63()psi. If the material selected for the beam is titanium Ti-6AI-4V (allowable benct-

it+<_'stress Iti4,t)O0 psi and Yourtg's modulus c,f 16E61, erie citn see thitt the stress constritint is

met. The deflection, however, yields a spring rate of 436 lb pet inch. a difference of 102 percent
" > dif-

-i(_ - + m..I rom the desired ._)>.6 lb per inch. This difference results in a naturiil frequency of "_1 Hz. a

Ict'enco of 5.1l percent frolll the desired 2.20 Hz. This error is eqtlitl to the goal of 5.ti0 percent
ctllo\_able variation iiOlll the design, therefore, the preliminary design configuration was deemed

:tccoptablc.

The iiuthor will now proceed to design the beam using the SPTRIAL iind SPOPT programs.

Table 3 shows the input information required by SPTRIAL.

SPTRIAL is a program to obtain initial feasible designs. It does. however, require that the

user have knowledge el +the effects of changing certain variables. For example, the thickness ratio

hits a ereater effect on the maximutn stress than the length-to-width ratio for a given det]ection.

This means that if a design is close to a desired deflection but the stresses are slightly, above the

allowable, it is recommended to change the length-to-width ratio (instead of the thickness ratiol to

modify stresses without significantly affecting the stiffness of the beam. The program aims toward

a desi]ed deflection by' varying theinitial thickness ratio. The stresses for several width ratios

(w,+/w,,) are printed along with the weight of the beam and comments on whether the stresses

exceed the allowable. The author has noted, however, that generally' the designs that result from

SPTRIAL are accepted by SPOPT to yield adequate final designs which meet both the stress and

deflection constraints.

Table 4 shows a listine of the results from SPTRIAL tisirl,, the input data from table 3.

fable 5 is a listing of the input data required by SPOPT. The sltmple data shown is from

the first initial design of table 4.

Table 6 shows the output listing trom SPOPT for a typical optimization run. In the case

shown, the input data flOlll table 5 were used. The majority el +the outptlt listing is fronl the DOT

optimizing code with exception to the stress and deflection values for the optimized beatn.

E\en thoueh SPTRIAL ereatlv helps in the selection of initial values for the optimization

pl-oCeSS, it ciinnot'-euiiriinlee convergence to a feasible design ever\ time. +Fable 7 shows the

optimizect results obtained for various initial designs as generated by SPTRIAL. Notice that there
x_et-e still two cases where no feasible design was obtained. This could possibly be corrected by

inodil\'ine some internal control parameters within DOT. but. due to the faMv consistent values of

the Ol';tin;ized weights, it was felt that modifications would not improve the results greatly.
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Table 3. Sample of input data required by SPTRIAL.

Enter allowable stress

Enter + Yottng's modulus

PAlter applied load

Enlor beam length

l_illCl + heal11 density

Enter maximum deflection

Enter initial guess for thickness ratio

Enter length-to-_idth ratio

104.(}(t() psi

16E6 psi

2.94(_ lb

29.25 in

I I I{_ Ibm in

7.45 in

0.55:::

4.5;

::: The thickriess ratio is the main variable tised in SPTRIAL to

obtain the desired spring rate. Values betv,een 0.5 and 0.75 arc

rccorruTlended as first _uc.,,ses SPTRIAL will vary this quantit\

as necessary to obtain the desired deflection.

";I I)urin£ lhc derivation of lhe Eulcr-Bernoulli beam equation.

a major assumption is thai the beam have a fairl\ slender

geometry [I I. The recommended mJninlum length-lo-\_idth ratio

is 4.5 \vhere the width is taken as the average between the

\vidlh.,, at the free and fixed locations.

30.00
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Table 4. Output listing tronl SPTRIAL.

]H[ [J[FL[C/II_FORA C_JSINCTX-S£Crl_B[N¢
dlfH THESEDIMEHS[_SIS jz.828

THEMJff37RESSf_ A C_SH_TX-SEC/-I_BE_
dlTHTHESE/)[MEHSI_SIS gl/Sg 857

THEF_I_IHG RfSUITS_Ilt INDICATETHECO_IHATIONSOFdE.eOTE,_i,: ?[:
THATP_SDUCE[HEDESIREDDEH£CTI_dlTHIH÷/-5%,A/THEEND

EACHRUN,ttESXJlGESTATEBEH[SMIGIfTl¢_oE_RECG'tC£HIIINGMODIfICATI_/S
]0 A B_Et/[_S_ INORDE#TOINCREASEJlCC/JR/tCY,[HESl_t c YAIUES_E U/YEN

IN#.4[JlnSAND[NDICA[[THESt_E OF[HEGE_ A[ T_ TIPii4tRfTHE
ffFIECTI_IS_EATEST.

tOOOOOOHIOHIOOOOIOOOPOO_OOO_OOIOOOOOIOOO_OOOOOO_OOOaOOOO_IIOtOOaOIIOOOOHHO

DEFIECTI_ ME _ TE TO STRESS SLOE
.TJ.948E,'OI,65000[+01.650l_+01,350GIE+OO.gO#_E÷O0,I0227E+OG,4G89ZE*O0

liCE_IGHT_ THEBEAMIII_ THESEOIM£NSI_SIS /9.

OOIOIOOOOIOtttOtOOOOItlIIIOOIOIIItlIIOOIIIOIOOttttlOOIIOIOOOIOOIOIIOOIOOHOOOl

DEHECTZON dE I/0 TE TO STRESS SLOPE

.797_IE+01.#87_+01.65_00E+01._716E+00._0E+00 .I_7E,_ .4_173E+00

THE_I_T OFTHEBE_ WITHT_$EDIMENSIONSIS /7,776

O000_OOOOOtOHa_O_aOlOOOlOOOOtHOOOOO_H_OOOOOOaOOOOOO_OOlOOonoeo0000000000_O

DEFLECTIONgE gO TE TO STRESS SLOPE

.TJ800E+OI,3[_00E+01._OE+OI,47502E+00.90#80E+00.III57E÷_.q)OO/E+00

O0_O_HIOOOOOO_HOOOHOOOH_HOtOOOOOHIOOHOOOOOHOOOOOIOCeHIH_O_OOpHHOH

_FLECTI_ h_ _ TE TD STRESS SLOPE
.7_G74E_/.16,:_50b01.6500_+01,56550E÷00._+00 , f/_E+06 . 4G_25E+O0

TH[_IGH!OFTH[_E_ dlTHTHESEOIHEWSIOiVSIS 14._27

2O

oH,,, SOMEORALLSTRESSESEXCEEDTHEALLOWABLEH,H,
"" TRYI/K_EI.SI_T_ INITIALTHI_//£SSRATIO'"'"



Table 5. Sample of input data required by SPOPT.

tGnter the beam Icngtll 20.25 in

Enter initial guess for w+ 6.50 in::

Enter initial gttcss for u',, 6.50 in

Enter irlitial guess for t+ ().3506 in

Enter initial guess fin t,, 0.9048 iri

Kntcr material dei>il\ ( )I 1_ Ibm in

Enter allmvablc stress lt)4.()(/O, psi

Enter desired detlcction 7.45 in

Enter applied load 2.946 Ib

Enter Young's modulus 16E6 psi

:: In order to preclude computational difficulties arising from

design cases where w, is cclual to w,,. and when t< is equal It)

t,," SI3()PT ad.itlStS the input infornlation to eliminate the possi-

bility of a singularity. Per this case. w, is sot equal to 0.4999

\_ithont significantly alfecting accuracy.

It should be noticed frorn table 7 tl-lat all the initial designs meet the deflection constraint of

7.45 in \_ithin approximately 0.050. The stress constraints, however, are violated many tin-ies but

this does not preclude convergence to a relative optimun_. This indicates that the initial designs
need not be feasible in order for the problem to converge. All final designs were within 0.015 in

<_f the desired deflection, and the stresses werc v,,ithin 0.5 percent of the desired stress.

Fieures 7 through 10 show the convergence history of the optimum design variables,

optimum \teflection. optimum stress, and minimunl weight, respectively, fcu the initial design beam
of fieure 4. Notice that the final weight is approximately I lb heavier than the initial design (table

71. I_lcreases to the base dimensions w,, and t<, were n-lade by DOT in order to obtain a solution

closer to the constraints without significantly viohtting them.

It is interesting to find out what the optiYnurn configuration would be if Ynanufacturing _i.e..
material availability) or allocated space restrictions were included m the optimization routine. In

fieure 11 it has been assumed that the only titanium available with the desired properties is a plate

'fitl'l a thickness of 0.93(i in. If 0.020 in is allowed for n-lachining, this rrleans that the nlaxiillunl

material thickness avaihible is (i.gl0. It has also been assunied that. due to space restrictions (i.e..

to preverlt ir_terference with adjacent hardware), the maximum width allowable is 6.50 in. These
lilnitations are very close It) actual restrictions during the preliminary design effort and limit the

': : L ;':_'2F: IS

{_{' _+'7:7'-'{ 7UP,'..-il I
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Table 6. Output listirlg from SPOPT (DOT optimizerl.

D 0
D D--=
D D

0Z_00 TTTTTTT INTEGERPARN_ETERS

D O T l)/_ = 0 5]NCOLA=

0 * 0 = T 7)/.,cC,4L-- ¢ 7)I_q_tl'--

0 O T J/IT/IAX : _ 8) dTt_{=
• 0_ T 41]TR#OP: 7 9) ]TPIST--

5)/+lie: ] 10]J/_I#T--
+SI_ OPTIMIIATI_TOOLS

{C}C_YRIGIIT,1985-89

ENGINEERING_SIGNOPTIPIIZATIOI/,IMC

ALLRI_TSRE.qRYED,I_RL_IDE

VERSI_7,00

- YO_INTEGRITYIS0_ COPYPROTECTION-

8 II)II_/T/= 0

0 12)IP_/T2= 0

20 13]ddRITE= 0
7

0

STORK,fRf_IgOWNfS

_AY DItWNSI_IREQUIRED

800 7O7

I_ 7OO 8/

--INITIALV_IASLHANDBLT_S

LOI_RBO_IDSOKT/KDECISI_IV_I_[5 (XL-VECT_)

/] 9.99000E-0//.000_+007._9900E-012.5000_-0/

_CISI_ V_I_/ES [X-VECTOR/

1) 6,4..c_(_00 6,50_00 J,_O6/OE-O/ ..o,O_OE-O/

LO_°ER_IMDSOFTIKDICISIONVI_II_ES[XU-VECTOR]

/) _.9_JgOOE÷_1.00_[+011.#9900E÷001,_0000_+00

CONTROLP_TETERS

O°TItlIIATI_NPIETI_, tlETHO_= l

I/tA_'ROFOECISIOI/V_I_BLES, I_Y= 4
_ER OFCONSTRMIITS, HCON= 3

PRINTCONT_ P,4q_TER, IPRIHT= 7
_IENT PI_elETER, I_O£= 0

_4#IEMTSAPE_ATED BYL_T

XL(I) ._ XU[I) 9.999

Xl( T) 1,_00 XU(T] I0._
Xl( 3] ,750 XUfS) 1,4_
XL(,O) ,7-£ XU(4) 1.500

--S_ PRO_ P,Cq_TERS

REALPNM_VETERS
11C! : -3,00_-07
2) £T#IN= 5,00000E-03

3) L_ : I,_--07
_) +L_J: I,O0000E-03

5)L_]I = 1.00000_-01

6) L_ : _,81895E,_0
,710){I : 1,00_-07

9) _ : I,O0000E-O3

l l) ,,Pt/'ILIP/: 4.00_I_-01
12]DABSTR= 0+00000E+00
I3) _LSTR: I.OZ_t_E-O_

-- INITIAL£UNCTIONVALUES

C_ST#AIIiTVALUES(G-VECTOR)
/) -8,J9/57_-_3 -I,_3831_-07 6._0679E-03

--BEGINCOIISTRAII/EDOPTItlIIATI_.tWOt_TH00

-- ITERATIONl OBG=I.GG950E÷01

D_CISIONVARIAHL[S (X-V_C/'UR)

I) 6, _7979_÷006,_5b00 3, _792E-01

"-ITERATIOI/2 OBJ=1.83597E+01

I1 6,712_f+_ 6.17197_,'003.39767(-01

8,_775E-01

9,_(-01
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Table 6. Output listing fronl SPOPT (DOT optimizer) (continued)

--ITERATIONJ OOJ=I,SJ597E+Ol

DECISIONV_IABIESIX-VECfoR)
I/ 6,21285E+006,17197[+003,3976/[-019,20420E-01

FUNCIIONC/IILS= 46

aiH._THEDEFLECTIONfORlieOPTIIIlZEDBE_ ISH.au 7,46416

.mmm,**/HESTRESSFORTHEOPTI#IZEDB[AHISm.mmH*I044_,

- IT[_TION 4 OfJ=1,8J597[+01

OECISIONVARIA_ES(X-VECTOR)
l) 6,2)285E+00B,17197E+O0kJ..°f67E-Ol9._20[-0!

--OPTIHIZATIONISCOIfLETE

ll_¢fEgOFITE_TIONS= 4

CONSTRIIIIITTOIERdiWCE,CT= -5,OoliTe-03

THEREARE 3 ACTIVECO#ISTI_IIITSMID 0 VIOLATEDCONSTRAII#S

CONSTRAINT#I_IZERS
I 7 J

THERE_ 0ACTIVESIDECONSTRAINTS

TE_IIIMIONCRITERIA

RELATIVECOMII[RGENCECRITERION_ tETFOR 7CONSECUTIVEITERATIONS

JSSOIUTECOMKERC_NCECRITERIONWI_#ETFOR 7CONSECUTIVEITERATIONS

- OPTII#IZATIONRE_TS

OBJECTIVE,FIX/= I.OJ597E+OI

DECISIONV_I_ES,X

ID XI X XU

I 9,gRIgOE-OI6,21Z85E+O09,99900E+00

7 l.O0000f+O06.17197[+00),O0000E+OI

J Z49000E-01J.J9287[-Ol),49900E+00

4 ?,5001_-019._-01 1.50000[+00

COMSYRAIIITS,GIX)

I) 7.91781E_ 4,J6J/lf-OJ-Z/9490[-OJ

........ ,-' =,,_-"QjALITY
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Table 7. Optinlization results lor various initial designs.

Design w,, u',, t,, t,, Weight Def Stress Iteration

Initial 6.500 6.501) O.351 0.905 19.O95 7.395 102.270

Final 6.213 6.172 0.339 0.928 18.360 7.464 104,429 46

Initial 4.875 65011 0.407 0.905 17.776 7.375 106,470

Final 5. 193 7+01)2 0.402 0.878 18.593 7.435 IO4.516 66

Initial 3.250 6.500 0.475 0.905 16.285 7,380 I I 1.570

Final 3.520 8.122 0.493 O.817 18.422 7.459 IO4,022 71

Initial 4.01R1 6,501) 0.490 (I.910 17,609 6.750 t02.630

Final 4.245 7.730 0.467 0.829 18.662 7.460 104.470 109

Initial 585(I 5.850 0.286 O.995 17.541 7.427 108.890

Fin:d ***** No Feasible Design Was Obtained *****

Initial 4.388 5.850 0.336 0.995 16.321 7.472 115.660

Final 5,294 6.977 0.39(I 0.884 18.61(I 7.436 1(14,472 88

Initial 2.925 5.850 O.411 0.995 15. IOO 7.368 121.6011

Fm:d **"** No Feasible Design Was Obtained *****

Initial .463 5.850 0.498 0.995 13.624 7.4117 33,8.3t)

Final 1.516 8.799 0.625 0.767 17.203 7,438 11/4,517 III
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Fieurc 7. ttistorv of desi-n variables versus number of iterations.
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number el potenlial oplilnUm solutions. ||o\_c\cr. il can bc seen that the \_eighl is essenliall> the

,,amc as the optimum solution from table 7 t IH.6e,2 Ibl and a eood improvement tov, ard meetin,,

the desired deflection alld stress collSllaillts is obtained. The nlinillltllll \veight tlllder these con-

ditioi> i_ S.004 Ib \_hh the lollo_hlg palall_olcrs:

_, - 6.lt9 in

w, - 6.50 in

t< - t).351 in

L,- ().c)ll/ in

l)cllection - 7.46 in

Sirens - 103.950 psi.

TEST RESULTS

()nee the prelimillarv design was completed and a geonletry selected, it spl-iilg was nlallufac-

Itued fronl 6001-T6 alunlillulll oilier to verif\ the coilfigciration. Since the final collligtu'atioll \vas

it> be illalltlfacttlled out of an expellSiVe litiillitlnl alloy, the decision it> proceed would be based on

the outcome of this lost.

The lest pal-alllelers \Vele its lollo_vs:

• Maximum load per cantilever- 8(/tt lb

• Maxiintun expected deflection - 2.934 in

• MaxiinUln expected stress - 27,868 psi

• Expected spring rate - 273 Ib/in.

Strain eauge and displacement indicator locations for the test hardware were as indicated in figure

12. Te_t procedures and results are in references 8 and 9. Pertinent infommtion is summarized

bole\\ :

• Maximum applied load - 800 lb

• MaxilnUm measured deflection - 3.052 in

• Maxinlunl measured stress - 27,160 psi :;:

• Measured spring rate - 262 Ib;in.

:::It should be noted that the ma imum measured stress was obtained ;it gauge number 4 in figure

12 19.5 in from the clamped edXet. The actual calculated location of lnaxinlunl stress is at 10.38 in

lrom the clamped edge. The calculated stress at 9.5 hi is 27,850 psi, it difference of 2.47 percent.

27



INSTRUMENTATION LOCATIONS
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FIGURE 12

Figure I_.. Location of deflection and strain _eauees.
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Figure 13 >,ttov<_ the predicted \crstts the test vulucs of the deflection for the uluminum test

13Cd111.

CONCLUSIONS

The tcsults t+f this study _t+tt+\',, that although time consuming triul-and-crror itcrutions \_,crc

performed duritag the initial design of the Icuf >,prings for the HST/SSE, the rcsultilag design v+as

\or\ near an oplitnunl design lor the ctmfiguration utlalv/ed. rile study also shows that with the

u\z(ilubilit\' of pCl'Sonal conqltllCl-bascd optinlizution SOI'I\VaI'C, luirlv complicated problcnls can bt2
hundtcd with fasl solulions und reliable finul designs, ll is interesting to point out thui construinls

und liinilulions such as inalcrial availability and possible interference with acljac'ent hardware can bc

included in lhc optiinizalion procedure us inutl-icinalicul construints on the numcricul ininimi/alion

prohlcnl.

I1 is importanl It) nt)tc thai allhough the ctcrivation oI the dcllcction cquutions for the sprJn{_
\\us /_ascd on small deflections, conq-)alison \vith nonlinour finite clement solutions shiny lhut for

the l{lll7C t)l dcllcctitms required, lhc difference be|\vot211 both-solutions is acc'cplablc. ('_llC llltlSl bc

exercised in orclcr to iustil> the linear approxilnulion for upplicutitms \vith lurgcr dcllcclions.

Thc lime has conic for design engineers to take ;.ict\allta{_e of the po\vcrful tools ;.l\T;.iilablc

Ior dcvch_ping lightwoighl alld slruclurall\ SOtllld h_.lrd\vuic. All ih;.il is required is the desire to
lCai'il _tilcl the u_valcncss thai lhc sluic-ol-lhc-all is advanced by inquisitive lninds.

C_a ;-"OO;7 14UD,LIT'y

29



3.50 -

c-
O

°__

0

N--

E]

E
(J

nq

3.00 -

2.50 -

2.00

I.50

I.00 -

0.50

/

/ "I

TEST- DATA

ED

0.00 iiiIi iiiii iii iiii iii iii iiiiii iii iii iii iiiiii ii iii iii iii iiii iiIii iii ii iiii iiii iii iii ii ii iiI
0.00 100.00 200.00 300.00 4-00.00 500.00 600.00 700.00 800.00

Applied Load
900.00

Figure 13. Test results for leaf spring (6061-T6 aluminunl).



REFERENCES

I. Mcirovitch. L.: "'Analytical Methods in Vibrations." The MacMillan Company. London. 1967.

2. SAE HS J788: "'Manual of Design and Application of Leaf Springs." Society of Autolnotivc

t-]ngincers, t_cnnsy Ivania. 19142.

3. Timoshonko. S. "'Slrenglk of Materials." i). Van Nosiland Co.. April 1955.

4. naltka. I_.T.. and Kanlat, M.P.: "[Iolneilts of Slruclural Opiimizalion.'" Mariinus Nijlioff Pub-

li_hors. Massachusetts. 19t45,

5. Kirsch. U.: "'Oplimuin Structural Design." Mc6raw-Hill Book Comp_lrl.%'. Novl' York. 19t41.

6. \,'onka.vya. V.B.. and Kkoi. N.S.: "Sllticlurlil Optimization. Structural Mechanics Computer

l>roTI-alllS. "" University Press o1 Virginia. Charlollesvillo. Virginia. 1974.

-7. \,'andcrplaals. O.N.: "'Numerical Optimization Techniques for l_ngineerin{! Design." _i/IcOI "aW-

tiill Book ('OlllpallY. Now York. 19_4.

<_. ttill. N.A.: Interoffice MOlllOlalldtilll I_]TS] l_46-10). Space Telescope [)OCtllllCl'll Ntilllbcr

%T-I)I!V-b]T86-029. Alunfinum X-Spring. NASA ,''MsI_c- Huntsville. Alabama. April 9. 19146.

c). Hill. K.A. iillcrollico MOlllOralldtllYi ET$2 (_{6-151. Space Telescope [)ocunlcill NtllYibor

ST-I)Ek'-t']T_6-(i29. AlUll_illtlm Z-Spring. NASA'MSFC. Huntsville. Alab_illla. April 25. 19{46.

31



Na: u-,a! A_v{Jr'a J _ s ang
S[)aceAm,, r:,s:'a: o.

1 Report No

Report Documentation Page

2 Government Accession No. 3. Recipienrs Catalog No.

NASA TM-4233

4 Title and Subtitle

Minimum Weight Design of a Leaf Spring Tapered in

Thickness and Width for the Hubble Space Telescope-
Space Support Equipment

7 Author(s)

P.I. Rodriguez

Performing Organization Name and Address

George C. Marshall Space Flight Center

Marshall Space Flight Center, Alabama 35812

5 Report Date

September 1990

6 Performing Organization Code

8 Performing Organization Report No

10, Work Unil No.

M-645

11. Conlracl or Granl No

13. Type of Report and Period Covered

Technical Memorandum

14. Sponsoring Agency Code

12 Sponsoring Agency Name and Address

National Aeronautics and Space Administration

Washington, DC 20546

15 Supplementary Notes

Prepared by Structures and Dynamics Laboratory, Science and Engineering Directorate.

16 Abstract

A linear elastic solution to the problem of minimum weight design of cantilever beams with

variable width and depth is presented. The solution shown is for the specific application of the

Hubble Space Telescope maintenance mission hardware. During these maintenance missions,

delicate instruments must be isolated from the potentially damaging vibration environment of the

space shuttle cargo bay during the ascent and descent phases. The leaf springs are designed to

maintain the isolation system natural frequency at a level where load transmission to the instru-
ments is a minimum.

Nonlinear programming is used for the optimization process. The weight of the beams is the

objective function with the deflection and allowable bending stress as the constraint equations.

the design variables are the width and depth of the beams at both the free and the fixed ends.

17. Key Words (Suggested by Author(s))

leaf springs, nonlinear programming,
linear elastic

18, Distribution Statement

Unclassified - Unlimited

Subject Category: 39

19 Securily Classi[. (of INs report) 21. No of pages

Unclassified 40

NASA FORM 1626 OCT86

For sale by the National Technical Information Service, Springfield, VA 22161-2171

20. Security Classif, (of this page)

Unclassified
22 Price

A03

NASA-Langley, 1900






